Summary: In contrast to previous investigations, a recent study of polycythemic lambs suggested that cerebral glu cose delivery (concentration x blood flow), not arterial glucose concentration, determined cerebral glucose up take. In the present study, the independent effects of ar terial glucose concentration and delivery on cerebral glu cose uptake were examined in two groups of chronically catheterized newborn lambs (control and polycythemic). Arterial glucose concentration was varied by an infusion of insulin. CBF was reduced in one group of lambs (poly cythemic) by increasing the hematocrit. At all arterial glu cose concentrations, the cerebral glucose delivery of the polycythemic group was 59.6% of the control group. At arterial glucose concentrations of> 1.6 mmollL, cerebral glucose uptake was constant and similar in both groups. At arterial glucose concentrations of � 1.6 mmol/L, cerePrevious studies of the perinatal and adult brain suggest that the primary factors regulating CNS glu cose uptake are the cerebral metabolic rate and the glucose concentration of the blood (Kety et aI. , 1948; Norberg and Siesj6, 1976; Lund-Anderson, 1979; Hernandez et aI., 1980; Vannucci et aI., 1981; Hawkins, 1985; Richardson et aI., 1985; Flecknell and Wootton, 1989; Mujsce et aI. , 1989). Studies supporting this premise have examined the limita tion of glucose availability only by varying arterial glucose concentration, but have not considered ce rebral glucose delivery, the product of the arterial glucose concentration and the CBF as a factor in fluencing cerebral glucose uptake (Gilboe et aI.,
Previous studies of the perinatal and adult brain suggest that the primary factors regulating CNS glu cose uptake are the cerebral metabolic rate and the glucose concentration of the blood (Kety et aI. , 1948; Norberg and Siesj6, 1976; Lund-Anderson, 1979; Hernandez et aI., 1980; Vannucci et aI., 1981; Hawkins, 1985; Richardson et aI., 1985; Flecknell and Wootton, 1989; Mujsce et aI. , 1989) . Studies supporting this premise have examined the limita tion of glucose availability only by varying arterial glucose concentration, but have not considered ce rebral glucose delivery, the product of the arterial glucose concentration and the CBF as a factor in fluencing cerebral glucose uptake (Gilboe et aI., bral glucose uptake was unchanged in the control group, but was significantly decreased in the polycythemic group. In contrast, the cerebral glucose uptake was sim ilar in both groups over a broad range of cerebral glucose delivery values. At cerebral glucose delivery values �83 J.Lmol/min/l00 g, there was a significant decrease in cere bral glucose uptake in both groups. During periods of low cerebral glucose delivery and uptake, cerebral oxygen up take fell in the control group but remained unchanged in the polycythemic group. Maintenance of cerebral oxygen uptake in the polycythemic group was associated with an increased extraction and uptake of lactate and J3-hy droxybutyrate. We conclude that cerebral glucose deliv ery, not arterial glucose concentration alone, determines cerebral glucose uptake. Key Words: Cerebral metabo lism-Glucose-Newborn lamb.
1970; Weng et aI., 1973) . In many of these studies, CBF was constant, so that there were parallel changes in the arterial glucose concentration and cerebral glucose delivery. Thus, the independent ef fects of these two factors could not be determined. Our previous data from a study of cerebral metab olism in newborn lambs with polycythemia and con stant cerebral metabolic rate have suggested that it is not merely the arterial glucose concentration alone, but rather the total cerebral glucose delivery, that determines the cerebral uptake of glucose (Rosenkrantz et aI., 1988) . The current study was performed to test critically the hypothesis that total cerebral glucose delivery, not arterial glucose con centration, determines cerebral glucose uptake in the newborn. It was designed to allow independent variations of arterial glucose concentration and ce rebral glucose delivery without limiting cerebral ox ygen delivery. Previous studies have shown that newborn lambs with polycythemia have reduced CBF owing to an elevation of the arterial oxygen content (Jones et al., 1981; Rosenkrantz et al., 1984) . This reciprocal relationship between CBF and arterial oxygen content results in a cerebral ox ygen delivery that is identical to that observed in normal lambs. Therefore, polycythemia was uti lized in the present study to reduce cerebral blood flow. Insulin was used to vary the arterial glucose concentration as it has been shown not to affect cerebral glucose transport (Rafaelsen, 1961; Nelson et aI., 1968; Daniel et aI., 1975; Hom et aI., 1984) .
MATERIALS AND METHODS

Surgical procedures
Fifteen newborn lambs had catheters placed under ke tamine (8 mg/kg i.m.) and pentobarbital (16 mg i.v.) an esthesia. Incisions were locally infiltrated with 1% lidocaine solution. Tygon catheters (ID 1.02 mm; Norton Co., Akron, OH, U.S.A.) were placed into the left ven tricle of the heart via the right axillary artery, aortic root via the left axillary artery, abdominal aorta via the right femoral artery, and interior vena cava via the right fem oral vein. A burr hole was made 1 cm posterior to the coronal suture in the middle of the sagittal suture. The underlying dura was exposed and the sagittal sinus iden tified. A polyvinyl catheter (ID 0.87 mm; Bolab, Lake Havasu, AZ, U.S.A.) was inserted into the superior sag ittal sinus through a hole created with a curved 20-gauge needle. The catheter tip was positioned anterior to the confluence of the sinuses and secured with cyanoacrylate cement. Catheter placement was confirmed at autopsy. Four small holes were drilled into the skull and electrodes for recording electrocortical activity were attached at the following positions: left and right frontal bone, 1 cm su perior to the medial aspect of the orbit, and left and right parietal bone, 2-3 cm posterior to the frontal bone elec trodes.
Postoperatively, the lambs were returned to their moth ers and allowed a 48-h recovery period prior to study. Postnatal age and weight at the time of surgery were 3.5 ± 0.6 days (x ± SD) and 4.9 ± 0.9 kg, respectively.
Physiologic measurements
Arterial blood gases and pH were analyzed using the Corning Blood Gas Analyzer 178 (Corning Scientific In struments, Medford, MA, U.S.A.). Oxygen content in whole blood was measured with a Lex-02-Con (Lexing ton Instruments, Waltham, MA, U.S.A.). Hematocrit was measured in duplicate using a microcentrifuge. Whole-blood glucose was measured using the glucose ox idase method (Sigma Tech Bull 510, 1976) . Whole-blood concentrations of lactate, pyruvate, �-hydroxybutyrate, and acetoacetate were measured enzymatically (Olsen, 1971; Burgmeyer, 1974) .
Electroencephalogram
The EEG was recorded with a bioelectric amplifier us ing a frequency range of 0.5-1,000 Hz and polygraph (Hewlett Packard, Waltham, MA, U.S.A.). Recordings were coded and read by a pediatric neurologist familiar with ovine electroencephalographic activity but who was blinded to the study condition during which the electroencephalogram recording was made. Each recording was scored as follows: 0, normal; 1, probably normal; 2, mildly abnormal-mild slowing present; 3, moderately abnormal-slow wave activity with loss of variability; 4, severely abnormal-high-amplitude, slow wave activity and/or seizure activity.
Blood flow determinations
CBF was measured using radionuclide-labeled micro spheres (15 ± 5 J.Lm diameter; New England Nuclear, Boston, MA, U.S.A.) as described in detail elsewhere (Rosenkrantz et aI., 1988) . For each flow determination, 8.5 x 105 microspheres, suspended in 1 ml solution of 10% dextran and 0.01% Tween-80, were injected into the left ventricle over a 30-s period. A reference sample of blood was withdrawn from the aortic root for a 2-min period at a constant rate of 1.94 mllmin, starting 25 s prior to the injection of microspheres. After fixation in 10% formalin, the regions of the brain [left and right frontal, temporal, parietal, and occipital lobes, midbrain, hippo campus, brainstem (medulla and pons), and cerebellum] were sectioned into 0.2-to 1.5-g pieces. Radioactivity of the brain sections and reference blood samples was mea sured with a 'Y-counter (Searle Analytic, Des Plaines, IL, U.S.A.) and multichannel analyzer (Nuclear Data, Schaumburg, IL, U.S.A.). The following formula was used to calculate regional tissue blood flow: cpm of microspheres in tissue x rate of withdrawal
tissue blood flow cpm of microspheres in reference sample Total brain-blood flow was calculated by summation of regional flows using weighted flow values for each of the regions. Brain blood flow was expressed as milliliters per minute per 100 g wet weight.
Study design
On the day of study, the lambs were brought to the study area, lightly restrained, and allowed to acclimate for 1 h. By random selection, eight of the lambs (poly cythemic group) underwent a partial exchange transfu sion with age-matched packed newborn red blood cells (67.0 ± 16.1 cc/kg) to increase the hematocrit and arterial oxygen content and reduce the CBF. The cells had been previously stored in citrate-phosphate-dextrose blood bags, washed twice with 0.9% saline solution, and packed just prior to the transfusion. Following the exchange transfusion, these lambs had a second 1-h acclimation period. The second group of seven lambs (control) did not undergo an exchange transfusion but were also allowed a 1-h period of acclimation. Following the acclimation pe riod, arterial and sagittal sinus venous blood was sampled for O2 content and for the determination of the whole blood concentrations of glucose, lactate, pyruvate, �-hy droxybutyrate, and acetoacetate. The electroencephalo gram was then recorded. Upon completion of the electro encephalogram recording, radionuclide-labeled microspheres were injected into the left ventricle of the heart while arterial blood was withdrawn from the aortic root for determination of the CBF. All animals then re ceived an intravenous bolus of insulin (1 unit/kg) followed by a constant infusion (0.1 unit/kg/h). Plasma glucose concentration from arterial blood was determined at 15-to 30-min intervals. After the plasma glucose concentra tion was stable for at least 30 min, a second set of phys iologic measurements were recorded, arterial and sagittal sinus blood samples were obtained, and microspheres were injected for measurement of cerebral blood flow. It has been previously shown that steady-state measure ments can be obtained after 30 min of a stable arterial glucose concentration (Pappenheimer and Setchell, 1973) . Upon completion, another bolus of insulin (1-3 units/kg) was infused. Again serial plasma glucose con centrations were obtained. Repeat study measurements were made when the plasma glucose concentration was stable for ;;,:30 min. A total of four complete measure ments were made in each animal. A similar range of ar terial glucose values was studied in each animal. At the end of the study, the lambs were killed with a 5-ml intra venous injection of Buthanasia (Schering Corporation U.S.A., Kenilworth, NJ, U.S.A.) and the brains were removed. The brains were weighed and preserved in 10% formalin for later measurement of radioactivity and cal culation of CBF.
Data analysis
Cerebral substrate and oxygen deliveries were calcu lated as the product of the arterial blood concentration and the CBF. Cerebral substrate and oxygen uptakes or excretions were calculated as the product of the arterial venous (sagittal sinus) concentration difference and the CBF. Cerebral substrate extraction was calculated as fol lows: cerebral substrate uptake x 100 b I b = cerebral substrate extraction cere ra su strate delivery The "calculated" oxygen consumption based on the ce rebral uptake of the measured substrates was calculated using the following assumptions (McCandless and Abel, 1985) : (a) Net productions of lactate and pyruvate were totally derived from glucose. (b) The remainder of the glucose and all of the other substrates taken up by the brain were aerobically metabolized to CO2 and H20. (c) There was negligible substrate storage.
All data are expressed as x ± SD. Data were evaluated using one-way analyses of variance for repeated mea sures with the Tukey test for post hoc analysis of signif icance, Student's t test, and linear regression analysis where appropriate and indicated.
RESULTS
All lambs were well oxygenated and had normal acid-base status throughout the study. Systemic mean arterial blood pressure was normal in all lambs and did not vary with changes in arterial glu cose concentration. All animals remained quiet and alert for the duration of the study. One of the con trol lambs had muscular twitching during a period of hypoglycemia that was associated with high amplitude slow waves without evidence of EEG sei zures. The mean hematocrits were 28 ± 4.0 and 50 ± 5.9% in the control and polycythemic lambs, re-J Cereb Blood Flow Metab. Vol. 12, No. 5. 1992 spectively. Insulin was infused over a similar time interval in both the control and the polycythemic lambs (191 ± 82 vs, 174 ± 51 min). The range of arterial glucose concentration values for all of the lambs was 0.6-6. 4 mmol/L. The arterial glucose concentration was constant for 53 ± 31 min prior to blood sampling and injection of microspheres for the determination of the various physiologic and metabolic parameters examined.
There was a similar distribution of whole-blood glucose concentrations within each group (Fig. 1) . The cerebral glucose delivery of the polycythemic group was 59.6% of that found in the control group over the entire range of arterial glucose concentra tions.
Cerebral glucose uptake was first examined as a function of the arterial glucose concentration. Glu cose concentration values were prospectively grouped into three ranges prior to analysis of the data: 0-1.6, 1. 7-3. 3, and >3.3 mmol/L. These groupings were based on currently accepted clinical definitions of hypoglycemia (Cornblath and Schwartz, 1966) . When the arterial glucose concen tration was > 1.6 mmollL, the cerebral glucose up take was constant and similar in the two groups (Table I) . When the arterial glucose concentration was 0-1.6 mmollL, there was significant reduction of the cerebral glucose uptake of the polycythemic group compared with both the corresponding con trol group values as well as the uptake in the poly cythemic group when the arterial glucose concen tration was > 1.6 mmol/L (p < 0.05). The cerebral glucose extraction was examined at the various ar terial glucose concentrations. The cerebral extrac tion of glucose by the polycythemic lambs was twice that of the control lambs when the arterial glucose concentration was >3.3 mmol/L (p < 0.02) ( Table 2) . At arterial glucose concentrations be tween 1. 7 and 3.3 mmol/L, both groups significantly increased their cerebral glucose extraction, but the polycythemic lambs continued to have a higher per centage extraction (p < 0.02). When the arterial glu cose concentration was � 1.6 mmollL, there was a further increase in the percentage extraction by the control group but none by the polycythemic groups. The percentage extraction was then similar between the two groups at this arterial glucose concentra tion.
Cerebral glucose uptake was next examined as a function of cerebral glucose delivery. Cerebral glu cose delivery values were prospectively grouped by increments of 83 J.lmollminilOO g. This allowed de tailed analysis over a broad range and an adequate number of measurements in both animal groups. Cerebral glucose uptake was constant and similar in the two groups when cerebral glucose delivery was >83 f,lmol/min/lOO g (Table 3 ). When the cerebral glucose delivery rate was �83 f,lmol/min/lOO g, there was a similar significant reduction in cerebral glucose uptake in both groups (p < 0.05). When the data were examined using linear regression analy sis, similar results were found: That is, cerebral glu cose uptake was similar in both groups when the cerebral glucose delivery was >83 f,lmol/min/lOO g. There was an identical reduction in cerebral glucose uptake in both groups at cerebral glucose delivery rates of �83 f,lmolimin/lOO g.
There were no differences in the cerebral glucose extraction between control and polycythemic lambs at any of the cerebral glucose delivery rates ( Table   TABLE 1 . Cerebral glucose uptake (Il-mollminlJOO g; x ± SD) as fu nction of arterial glucose concentration 
ARTERIAL [GLUCOSE] (mM/I)
4). Both groups appeared to exhibit an increase in cerebral glucose extraction with decreased cerebral glucose delivery, although statistical significance was reached only in the polycythemic group. Cerebral blood flow was generally greater in the control lambs. No relationship was found between the arterial glucose concentration and CBF in either group (Fig. 2) .
Cerebral blood flow in the control group was sig nificantly higher than in the polycythemic group during periods of normal cerebral glucose uptake (p < 0.001) (Fig. 3) . In the control lambs, decreasing 
a Intragroup (control) differences by analysis of variance (0-1.6 vs, 1.7-3.3 and >3,3 mmollL; 1.7-3.3 vs. >3.3 mmoI/L), p < 0,01.
b Intragroup (polycythemia) differences by analysis of vari ance (0-1.6 vs. >3.3 mmol!L; 1.7-3.3 vs. >3.3 mmoI/L), p < 0,01. cerebral glucose uptake was associated with a de crease in cerebral blood flow. There was no change, however, in the cerebral blood flow of the poly cythemic lambs with decreasing cerebral glucose uptake.
Since changes in CBF frequently reflect changes in cerebral metabolism, cerebral metabolic data of both control and polycythemic lambs were grouped and analyzed according to the level of the measured cerebral glucose uptake to explore the observed dif ferences and changes in cerebral blood (Fig. 4) . Normal cerebral glucose uptake was defined by tak ing the mean uptake values (± 1 SD) of the control group when the arterial glucose concentration was ;,: 1.6 mmollL. This allowed definition of normal ce rebral glucose uptake as ;,: 18 flmol/min/100 g and low cerebral glucose uptake as an uptake <18 flmoll min/100 g. The mean values for the measured cere bral glucose uptake were similar in the two groups of lambs under conditions of both normal and low cerebral glucose uptake. Cerebral oxygen uptake was similar between the two groups during the con dition of normal cerebral glucose uptake. During periods of low cerebral glucose uptake, the cerebral oxygen uptake of the control lambs was signifi cantly decreased compared with both the control value during periods of normal cerebral glucose up take and the corresponding polycythemic lamb val ues (p < 0.01). The polycythemic lambs exhibited no change in cerebral oxygen uptake between peri ods of normal and low cerebral glucose uptake.
During periods of normal cerebral glucose up take, the arterial concentrations of lactate were sim- 84-167 168-250 22 ± 13 24 ± 9 (n = 7) (n = 5) 31 ± 11" 15 ± 1 (n = 14) (n = 2) >250 12 ± 10 (n = 12) 14 ± 6 (n = 8) a Intragroup (polycythemia) differences by analysis of variance (0-83 vs. 168-250 and >250 ",mol/mini 100 g; 84-167 vs. 168-250 and >250 ",moll minilOO g), p < 0.Q2.
J Cereb Blood Flow Me/ab, Vol. 12, No. 5, 1992 ilar in the control and polycythemic lambs, 1.40 ± 0.74 and 1.44 ± 0.34 mmol/L, respectively. There were no differences in cerebral lactate uptake be tween the two groups. With a decrease in cerebral glucose uptake, there was no change in the arterial lactate concentration in either group. However, the polycythemic lambs had increased cerebral lactate uptake (p < 0.05).
During periods of normal cerebral glucose up take, there were no differences in the arterial con centrations of (3-hydroxybutyrate in the control and polycythemic lambs, 0.272 ± 0.082 and 0.341 ± 0.071 mmollL. The cerebral uptake of (3-hydroxy butyrate, however, was greater in the polycythemic lambs. Under conditions of low cerebral glucose uptake, there was a small increase in the arterial concentration of (3-hydroxybutyrate in the poly cythemic lambs (0.472 ± 0.172 mmol/L) (p < 0.03), which was associated with a further increase in the cerebral uptake of l3-hydroxybutyrate. There were no changes in the arterial concentration or cerebral uptake of l3-hydroxybutyrate in the control lambs during periods of low cerebral glucose uptake. These differences and changes in cerebral uptake of lactate and l3-hydroxybutyrate would seem to ex plain the maintenance of cerebral oxygen uptake in the polycythemic lambs during periods of low cere bral glucose uptake.
To examine the differences in cerebral substrate and oxygen uptake in another manner and confirm the aforementioned findings, the amounts of oxygen needed to aerobically metabolize the measured fu els that were taken up by the brain were calculated in both groups of lambs under conditions of normal and low cerebral glucose uptake (Table 5 ). Calcula tions for the "expected" cerebral oxygen uptake were based upon the known pathways for oxidative metabolism of glucose, pyruvate, lactate, l3-hy droxybutyrate, and acetoacetate. During periods of normal cerebral glucose uptake, measured cerebral oxygen uptake was similar to the calculated values in both groups. During periods of low cerebral glu cose uptake, there was an -135-to 180-flmollminl 100 g difference between the measured and calcu lated cerebral oxygen consumption in both groups. 
The EEG scores were similar in both groups dur ing periods of normal cerebral glucose delivery and cerebral oxygen uptake (Fig. 5 ). There were similar deteriorations in the electroencephalogram score with decreasing cerebral oxygen uptake. There was
FIG. 3. Positive relationship is noted between
cerebral glucose uptake and cerebral blood flow in the control lambs, while there is almost no increase in CBF with increasing cerebral glu cose uptake in the polycythemic group. Hatched bar indicates range of "low" cerebral glucose uptake. -5 �-
no association between the electroencephalogram score and the cerebral glucose uptake.
DISCUSSION
How the brain determines and regulates the up take of various substrates is not completely under stood. Under "normal" conditions, glucose ap pears to be the primary fuel utilized by the newborn and adult brain, with the majority of the glucose aerobically metabolized to CO2 and H20 (Kraus et aI., 1974; Settergren et aI., 1976) . Minute amounts may be anaerobically metabolized to lactate, which is then excreted (Hawkins, 1985; McCandless and Abel, 1985) . Previous studies in adults and new borns have suggested that the cerebral uptake of glucose is determined by the cerebral metabolic rate and the arterial glucose concentration (Kety et aI., 1948; Lund-Andersson, 1979; Vannucci et aI., 1981; Hawkins, 1985; Richardson et aI., 1985; Mujsce et aI., 1989) . We hypothesized that under conditions of a stable cerebral metabolic rate, total cerebral glucose delivery rather than the arterial glucose concentration alone regulate the cerebral glucose uptake. In the current study, it was found that at similar arterial glucose concentrations, cerebral glu cose uptake was lower and extraction higher in the polycythemic lambs (low CBF) compared with the control lambs (high CBF). However, when cerebral glucose uptake and extraction were examined as a function of cerebral glucose delivery, which takes into account both concentration and flow, data from the two groups of lambs were similar. Therefore, the present study in newborn lambs supports the hypothesis that cerebral uptake is more dependent on glucose delivery than on arterial glucose concen tration. 
This conclusion may seem to be in conflict with accepted principles concerning concentration dependent uptake of glucose by the brain. A review by Lund-Andersen (1979) cites a number of inves tigations that show glucose entry across the blood brain barrier is due to both simple diffusion and active transport. In this same review are citations of investigations in isolated perfused dog and rat brains that clearly show that cerebral glucose up take is flow dependent (Gilboe and Betz, 1970; Gil boe et aI., 1970; Zivin and Snarr, 1972; Betz et aI., 1973) . This is most clearly demonstrated in the se ries of studies by Gilboe and Betz (Gilboe and Betz, 1970; Gilboe et aI., 1970; Betz et aI., 1973) in which cerebral glucose uptake in isolated perfused dog brains was studied under conditions of (a) constant glucose concentration and variable flow and (b) variable glucose concentration and constant flow. In attempting to calculate Km and V max' they found that cerebral glucose uptake was dependent upon flow or total cerebral glucose delivery and not glu cose concentration. While this is in agreement with the current study, it would appear to be in conflict with other published reports including a recent study in newborn puppies (Mujsce et aI., 1989) . In this study, Mujsce and colleagues found no reduc tion in cerebral glucose uptake during insulin induced hypoglycemia. They also noted that cere bral blood flow became pressure passive and in creased significantly. By way of a series of calculations, they concluded that changes in flow did not influence the maintenance of cerebral glu cose uptake during hypoglycemia.
A possible explanation for what appear to be dis parate findings was initially suggested in the review by Lund-Andersen (1979 transport of glucose at a fixed area within the cap illary is concentration dependent. However, if the surface area is increased, the capillary surface for diffusion and glucose transporter number for active transport will increase. This would mean that changes in flow that are due to a change in the num ber of perfused capillary beds may affect cerebral glucose uptake owing to a change in surface area available for transport. The total glucose transport potential is increased. If the changes in flow are due to changes in flow velocity and not capillary bed number, then flow is not likely to influence cerebral glucose uptake as there would be no change in sur face area. The mechanism by which changes in ce rebral blood flow may influence cerebral glucose uptake in the current and above-cited studies can only be speculated upon (Gilboe and Betz, 1970; Gilboe et aI., 1970; Zivin and Snarr, 1972; Betz et aI., 1973; Mujsce et aI., 1989) . When cerebral glucose delivery was limited, both control and polycythemic lambs had increased per centage cerebral extraction of glucose up to a max imum of 24-32%, but no higher. While it is known that glucose enters the brain via facilitated trans port, the mechanisms for increasing the extraction as well as the apparent limitation of extraction of the available glucose delivered (30--40%) are not ev ident from previous studies in various animal spe cies (Crone, 1965; Cremer et aI., 1979; Lund Anderson, 1979; Rosenkrantz et aI., 1988; Mujsce et aI., 1989) . The cerebral extraction limitation may reflect the maximal ability of the transport mecha nism or transporter density.
When cerebral glucose delivery and uptake were normal (cerebral glucose delivery >83 flmoVmini 100 g and cerebral glucose uptake ;;,18 flmol/minl tOO g), cerebral oxygen uptake was normal and sim ilar between both groups of lambs. Under these conditions, glucose appeared to be the primary sub strate in both groups. When glucose delivery was severely limited, the control lambs had decreased cerebral blood flow and oxygen uptake. No in crease in the cerebral uptake of the measured alter native substrates could be demonstrated. The poly cythemic lambs, however, were able to increase the uptake of lactate and l3-hydroxybutyrate and main tain a normal cerebral metabolic rate. The mainte nance of cerebral oxygen uptake in the face of de creased glucose availability has been previously ob served in our laboratory (Rosenkrantz et aI., 1988) .
Other investigators have demonstrated that the brain has a full complement of enzymes that should allow it to metabolize many different substrates (Adam et aI., 1975) . It is clear, however, that, ex cept under conditions of elevated arterial concen trations of alternate fuels or stress, the brain me tabolizes primarily glucose (Page and Williams son, 1971; Adam et aI. , 1975; Leong and Clark, 1984) . Hernandez et ai. (1980) and Hellmann et ai. (1982) have shown in the newborn dog model that when the arterial lactate concentration is artificially ele vated, the brain will utilize lactate. Lactate uptake was enhanced in these studies when hyperlac tatemia was achieved in conjunction with hypogly cemia. Similar results were observed by Eisenberg and Seltzer (1962) in human subjects. Owen et ai. (1967) demonstrated that in chronic starvation, the human adult brain will rely heavily on ketone bod ies for its energy source. The brains of adult sheep apparently will utilize endogenous proteins during periods of starvation (Pell and Bergman, 1983) . However, in studies in which human subjects were normally nourished and blood concentrations of al ternate substrates were normal, acute restriction of glucose did not result in utilization of these alter nate substrates and brain metabolism was reduced (Kety et aI., 1948) . Similarly, acute hypoglycemia did not result in utilization of nonglucose substrates in the fetal lamb and brain metabolism was reduced (Richardson et aI., 1985) . It would therefore appear that either an elevation of the arterial substrate con centration or starvation as seen in fasting or diabe tes is necessary to increase the transport of alter nate substrates into the brain. The metabolic data of the control group of lambs are consistent with the previously published data. The newborn lamb with polycythemia, however, is apparently able to in crease not only its extraction of oxygen and glucose (Rosenkrantz et aI., 1988 ) (compared with control lambs), but also appears to be able to increase ce rebral extraction and uptake of lactate and l3-hy-J Cereb Blood Flow Metab. Vol. 12. No. 5. 1992 droxybutyrate. These present findings are signifi cantly different from those of previous studies in that (a) the lambs were normally nourished, (b) the arterial blood concentrations of lactate and l3-hy droxybutyrate were not elevated above a physio logic range, and (c) the cerebral delivery rates of these substrates were similar to or lower than those observed in the control group of lambs. Therefore, some mechanism other than or in addition to an elevation of arterial concentration or starvation must be responsible for the increased uptake of lac tate and l3-hydroxybutyrate.
In both groups of animals under conditions of low cerebral glucose uptake, there was a 135-to 180-f,Lmol/min/tOO g difference between the measured and calculated cerebral uptakes of oxygen. This finding suggests that in both groups of lambs, aer obic metabolism of other alternate substrates not measured in this study occurred. Potential sub strates include amino acids whose metabolism by the brain has been previously described, stored fu els such as protein or glycogen, and endogenous metabolites (Goldberg et aI., 1966; Lewis et aI., 1974; Pell and Bergman, 1983) .
Last, newborn human infants who are poly cythemic at birth are known to be at high risk for permanent neurologic damage (Black et aI., 1985) . It has been speculated that either the decreased ce rebral blood flow or the limited cerebral substrate delivery might be responsible for the observed neu rologic damage (Rosenkrantz et aI., 1988) . The EEG recordings were similar in both groups under conditions of normal and decreased metabolism. This finding, along with the metabolic data, sug gests that polycythemia alone may not be responsi ble for the neurologic abnormalities observed in af fected infants. In fact, the metabolic data suggest that polycythemia may give some advantage to the newborn under conditions of decreased glucose availability.
In summary, with use of an insulin infusion and polycythemia in the newborn lamb to reduce cere bral blood flow without limiting oxygen delivery, arterial substrate concentration and cerebral sub strate delivery were varied independently. This has allowed for demonstration that cerebral uptake of glucose is dependent upon cerebral glucose delivery and not the arterial glucose concentration alone. It has also been demonstrated that polycythemia allows for enhanced extraction of multiple sub strates.
